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APPLICATION GUIDE TO SAFEGUARDS CALORIMETRY
by

D. S. Bracken, R. S. Biddle, L. A. Carrillo, P. A. Hypes,
C. R. Rudy, C. M. Schneider, and M. K. Smith

ABSTRACT

Calorimetry is used as a nondestructive assay technique for determining the power output
of heat-producing nuclear materials. The heat is produced by the decay of radioactive
isotopes within the item. Calorimetric assay of plutonium-bearing and tritium items
routinely obtains the highest precision and accuracy of all nondestructive assay (NDA)
techniques, and the power calibration can be traceable to National Institute of Standards
and Technology (NIST) through certified electrical standards. Because the heat-
measurement result is completely independent of material and matrix type, it can be used
on any material form or item matrix. Heat-flow calorimeters have been used to measure
thermal powers from 0.5 mW (0.2 g low-burnup plutonium equivalent) to 1000 W for
items ranging in size from less than 2.5 cm to 36 cm in diameter and up to 61 cm in
length.

The focus of this guide is on heat-flow calorimetry, techniques and instrumentation, used
for thermal power measurements. Specific topics include calorimetry applications,
thermal power production, types of heat-flow calorimeters, calorimeter operation,
calibration and biases, MultiCal data acquisition software, and measurement
performance. The determination of effective specific power is also discussed, in lesser
detail, since it is necessary for calorimetric assay.

The extensive use of heat-flow calorimeters for safeguards-related measurements at DOE
facilities make it important to have a calorimetry application guide to be used for training
new personnel and to provide a reference for experienced personnel involved in
safeguards measurements.



l. Introduction

Calorimetric assay is the determination of the mass of radioactive material through the
combined measurement of its thermal power by calorimetry, and if necessary, its isotopic
composition by gamma spectroscopy or mass spectroscopy. Calorimetric assay has been
routinely used at US and European facilities for plutonium process measurements and
nuclear material accountability for the last 35 years [EI54, GU64, GU70, ANN15.22,
AS1458, MAS82, IAEAS87]. Over two hundred heat-flow calorimeters developed under
the Department of Energy (DOE), Office of Safeguards and Security (OSS) Technology
Development Program have been built for use throughout the DOE complex and the
world over the last 50 years. Currently a total of 60 Wheatstone bridge calorimeters are
being used for accountability measurements of plutonium and tritium at Los Alamos
National Laboratory (LANL), Lawrence Livermore National Laboratory (LLNL), Rocky
Flats, Hanford, Savannah River, and other sites. This guide will focus on heat-flow
calorimetry, techniques and instrumentation, used for thermal power measurements. The
determination of effective specific power will also be covered, in lesser detail, since it is
necessary for calorimetric assay. The extensive use of heat-flow calorimeters for
safeguards-related measurements at DOE facilities and the turnover of personnel make it
important to have useful reference documentation for new individuals to continue to
make routine calorimetric assays. It is also important to inform both new and experienced
users of calorimetry of the new capabilities and uses of calorimetry.

Calorimetry is the quantitative measurement of heat. Applications of calorimetry include
measurements of the specific heats of elements and compounds, phase-change enthalpies,
and the rate of heat generation from radionuclides. The most successful radiometric
calorimeter designs fit the general category of heat-flow calorimeters. A heat-flow
calorimeter consists of a sample chamber insulated from a constant temperature
environment by a thermal resistance and a means to measure the temperature difference
across the thermal gradient produced by the thermal resistance and the heat generated by
an item in the sample chamber.

DOE facilities use calorimeters to measure material in sealed storage containers (off-line)
and to measure material in process (in-line). Calorimeters have been fabricated for use
during material processing by mounting the calorimeter under glove boxes. Off-line
calorimeters are essential for routine facility accountability measurements, evaluation of
shipper/receiver differences, and measurement of difficult material categories with
unknown and/or heterogeneous matrices. Transportable calorimeters have also been built
that can be moved from area to area within a facility or between DOE facilities.

Measurement Application

Calorimetric assay is presently the most precise and accurate nondestructive assay (NDA)
technique for the assay of many physical forms of plutonium and tritium. Calorimetry has
been applied to a wide variety of plutonium-bearing solids including metals, alloys,
oxides, fluorides, mixed plutonium-uranium oxides, mixed oxide fuel pins, waste, and
scrap (e.g., ash, ash heels, salts, crucibles, and graphite scarfings) [RO81, RE91]. An



example of the importance of calorimetric assay of plutonium-bearing items at LANL is
presented in Table 1.

Table 1. Measurement Methods for LANL Pu Inventory % for Each Material Form'

Material form Calorimetry + Analﬁical Neutron counter Segmented
gamma spec chemistry + gamma spec | gamma scanner
Metal 71% 29% 0.3% 0%
Compounds pure 64% 35% 0.9% 0.3%
Compounds impure 72% 23% 2.6% 2.6%

"From LANL Material Accounting and Safeguards System (MASS) database April 1999.

Calorimetric assay has applications in a number of different areas:
a) shipper/receiver measurements,

b) accountability measurements,

c) calibration of NDA standards,

d) process control measurements,

e) outlier resolution, and

f) product acceptance measurements.

Of the items listed above, “c” and “e” can only be done nondestructively using
calorimetry.

Calorimetric assay can be applied to a number of different radionuclides:
a) Plutonium isotopes,
b) HEU items (multi-kilogram sized),
233
c) U,
d) *Np,
g) 242244250
£y 250252cf
o) 241240m283 5
h) tritium, and
1) fission products.
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Calorimetric assay can be accurately used for any of the above-listed items that will fit in
the instrument measurement well and are free from any exothermic or endothermic
chemical reactions.

Calorimetric Assay Overview

Calorimetry is used as an NDA technique for determining the power output of heat-
producing nuclear materials. The heat is generated by the decay of radioactive isotopes
within the item. Calorimetric assay of plutonium-bearing items routinely obtains the
highest precision and accuracy of all NDA techniques, and the power calibration can be
traceable to National Institute of Standards and Technology (NIST) through certified
electrical standards. Because the heat-measurement result is completely independent of
material and matrix type, it can be used on any material form or item matrix. Heat-flow
calorimeters have been used to measure thermal powers from 0.5 mW (0.2 g low-burnup




plutonium equivalent) to 1000 W for items ranging in size from less than 2.54 cm to
35.56 cm in diameter and up to 60.96 cm in length.

Heat-flow calorimeter designs developed under the OSS Technology Development
Program are in extensive use throughout the DOE complex. These high-precision
calorimeters are based on nickel-wire temperature sensors connected in a Wheatstone
bridge configuration. A precision temperature-controlled water bath is commonly used to
provide a constant reference temperature and infinite heatsink.

The item is placed in the calorimeter measurement chamber, and the total heat flux at
equilibrium, i.e., the thermal power, from the item is determined by temperature sensors
and associated electronic equipment. The thermal power emitted by a test item is directly
related to the quantity of radioactive material in it, and the total power generated by
ionizing radiation absorbed in the item is captured by the calorimeter. The mass (m) of
plutonium, tritium, or 241Am, is calculated from the measured thermal power of an item
(W) using the relationship

i4

m=-—— (1
P eff
where P, is the effective specific power calculated from the isotopic composition of the
item. The details of determining P,y are discussed in Section III. For monoisotopic items,
the specific power of the radioisotope is used in place of P



Il. Uniqueness of Calorimetry NDA

Advantages

Calorimetric assay offers several distinct advantages over other NDA techniques and

chemical analysis:

e The calorimeter heat measurement is completely independent of material and matrix
type; self attenuation cannot occur.

e No physical standards representative of the materials being assayed are required.

e The thermal power measurement is traceable to the US or other National
Measurement Systems through electrical standards used to directly calibrate the
calorimeters or to calibrate secondary ***Pu heat standards.

e Calorimetric assay can been used to prepare secondary standards for neutron and
gamma-ray assay systems [[AEA87, AS1207, HY99, LE0O].

e The heat from the entire item volume is measured. As a result, the response of a well
designed calorimeter is independent of the location of the heat sources inside the
measurement chamber.

e P, rremains the same (with correction for nuclear decay) as long as the isotopic
composition is not changed; therefore, the same P, 1s applicable to a batch of
material regardless of form.

e (alorimetry is very precise and nearly bias free. Biases can be quantitatively
determined during instrument calibration.

e Only nuclear criticality safety considerations and the volume of the measurement
chamber limit the quantity of material that can be measured in a calorimeter.

e (Calorimetric assay is the most accurate, NDA or otherwise, method for the
measurement of tritium and **' Am.

e (alorimetry is the only practical measurement technique available for many physical
forms of tritium compounds.

Limitations

Calorimetric assay is largely independent of the elemental distribution of the nuclear
materials in the matrix, but the accuracy of the method can be degraded for materials with
inhomogeneous isotopic composition due to uncertainty in determining the effective
specific power. Calorimetry measurement times are typically longer than other NDA
techniques. The packaging conditions of the item cannot change the heat output of the
material but are usually the determining factor for measurement time. Typical assay times
are between one and eight hours. The calorimeter cannot distinguish between heat
produced by radioactive decay and heat produced by other sources (e.g., phase changes
and chemical reactions).

Heat from chemical reactions is generally not an issue since most items measured with
calorimetric assay are hermetically sealed dry items. In addition, any large time
dependence on the heat output would be an indication of heat from a chemical reaction.



lll. Thermal Power Production in Radionuclides

Calorimetric assay is routinely used as a reliable NDA technique for the quantification of
plutonium and tritium content within items. Plutonium items usually contain varying
amounts of “*' Am, which can be accounted for during the assay. The principal decay
modes, specific heats, half-lives, and the associated uncertainties are listed in Table 2 for
all plutonium isotopes, ! Am, and tritium. The majority of the heat measured by
calorimetry is due to spontaneous alpha-particle emission, except for >*'Pu and tritium,
which predominately decay via beta decay. Each radionuclide has a specific
disintegration energy associated with its particular decay scheme; for example, **’Pu
decays to *°U with the emission of an alpha particle and the release of 5.15 MeV energy.
The rate of energy emission is equal to the product of the total decay energy and the
activity. This product for a single radionuclide is called specific power, P, and is used to
convert the power measurement into a mass of material. For multi-isotopic items, the
analytical factor used to convert the heat measurement to mass of material is effective
specific power, P, The determination of specific power and effective specific power
will be discussed in detail in the next two sub-sections.

Table 2. Nuclear Parameters of Commonly Assayed Nuclides.

Dominant | Specific | % T2 %
Isotope Decay Power | Std. Std. References
Mode' (mW/g) | Dev. ) Dev.
238py o 567.57 | 0.05 | 87.74 | 0.05 | wa77.sT78
29py o 1.9288 | 0.02 | 24119 | 0.11 | st7ssEs.GuUTs
240py o 7.0824 | 0.03 6,564 0.17 | RU84,LUS4,BE84,ST84,JA78,ST84
1py B 3412 | 0.06 | 14.348 | 0.15 | MAS0.GASO.DESI.JOS2.0E68
2y o 0.1159 | 0.22 | 376,300 | 0.24 | os7
Am o 1144 | 037 | 433.6 | 0.32 | jos2.0E67
Tritium B 324 0.14 | 12.3232 | 0.017 | ru77

'For all of the nuclides listed the dominant decay mode has a branching ratio > 99.99%.

The total reaction energy for alpha decay is the sum of the alpha-particle kinetic energy,
and the recoil energy of the daughter nucleus. The alpha particle and daughter nucleus
have very short ranges in matter. Thus, virtually all of the energy released by alpha decay
will remain within the item as heat. If the daughter product is not in the ground state as a
result of the decay, an additional small amount of energy is released in the form of
gamma-ray and internal conversion electron energy. The electron and low-energy
gamma-ray energy is absorbed in the item and the item container. The upper limit on lost
energy due to escaping gamma rays from plutonium and uranium isotopes and **' Am are
listed in Table 3. The relative heat contribution due to spontaneous fission energy using
branching ratios and an average reaction Q value of 200 MeV are very small and are also
listed in Table 3.




The maximum energy loss listed in the last column of Table 3 was calculated using the
assumption that 20% of the spontaneous fission energy is completely lost from the
calorimeter due to the escape of all neutrons and photons. This assumption is a large
overestimate of the photon energy loss since all low-energy photons are attenuated in the
item and calorimeter. The attenuation increases with increasing item size. ' Am and *°U
show rather large calculated maximum energy fraction loss. For both nuclides, the large
calculated maximum loss is dominated by the photon energy fraction. In the case of

I Am, the 60-keV gamma ray accounts for more than 75% of the total gamma-ray
energy, and virtually 100% of these gamma rays are completely attenuated in the item
and item container. For the case of *°U, over 65% of the total gamma-ray energy is due
to the 186-keV gamma-ray emission. The heat measured from HEU items is
predominately because of >*U due to the low specific heats of the *°U, *°U, and >**U
nuclides listed in Table 3. Therefore, even if a large fraction of the *°U heat is lost to
gamma-ray emission, the overall loss of heat from the item is more than four orders of
magnitude less significant than the heat from ***U.

Another source of heat loss to consider is the loss of neutrons following (o, n) reactions;
this loss can also be shown to be negligible even for high-efficiency radioisotope neutron
generators. For example, the neutron yield for *Be(c, n) per 10° **' Am alpha particles is
70. Assuming all the neutrons escape capture and using the fact that the average neutron
energy is comparable to the Q-value of the original alpha decay, the fraction of lost heat
would be 0.007%.

Table 3. Sources of Heat Other than Alpha Decay.

Isotope P Photon Energly SF” Branching | SF° Energy | Max. Energgy
(mW/g) | Fraction (%) Ratio (%) Fraction (%) Loss (%)
“¥py 567.57 3.1E-02 1.8E-07 6.6E-06 3.1E-02
“py 1.9288 1.3E-03 3.0E-10 1.1E-08 1.3E-03
20py 7.0824 5.4E-04 5.8E-06 2.2E-04 5.8E-04
*Tpy 3.412 2.5E-02 2.4E-14 8.7E-10 2.5E-02
2y 0.1159 2.8E-02 5.5E-04 2.2E-02 3.2E-02
“TAm 114.4 0.509" 43E-10 1.5E-08 5.1E-01
23U | 2.81E-01 2.6E-02 6.0E-11 2.4E-09 2.6E-02
U 1.80E-01 2.3E-03 1.6E-09 6.8E-08 2.3E-03
U | 6.00E-05 3.33° 7.0E-09 3.0E-07 3.3E+00
2oy 1.75E-03 3.3E-02 9.4E-08 4.1E-06 3.3E-02
¥y 8.51E-06 3.0E-02 5.5E-05 2.6E-03 3.1E-02

"The energy loss due to gamma escape will be significantly less than total energy.
Spontaneous fission.

*Maximum fractional energy loss due to escaping neutrons and gamma rays.
%0.39% of the total energy is from the 59.5364-keV gamma ray.

>2.2% of the total energy is from the 185.739-keV gamma ray.




Specific Power

The specific power, P, is the rate of energy emission by ionizing radiation per unit mass
of a single radionuclide. Nuclear decay parameters can be used to calculate the P, in
watts per gram, of a single radionuclide according to the equation
2119.3
P =

%

TI/Z * A Q (2)
where Q is the total disintegration energy (MeV) for alpha-particle emitters, or the
average energy (MeV) of beta-particle emitters, 77/, is the half-life (years), and 4 is the
gram atomic weight of the radionuclide. 2Py and tritium decay predominately via beta
decay. The determination of energy losses in matter is more complicated for beta emitters
than with alpha emitters. With beta decay, the total reaction energy is in the form of a
beta particle, neutrino, and the excitation and recoil energy of the daughter. The energy
loss due to bremsstrahlung radiation, emitted as a result of deceleration of the beta
particle, is negligible for **'Pu and tritium; therefore, nearly all of the kinetic energy of
the beta particle is absorbed by the item as heat. The neutrino is not absorbed by the item
or calorimeter, therefore its energy is not measured as heat. The thermal power measured
by a calorimeter from beta-decaying radionuclides is the product of the activity and the
average beta particle energy, which is on average one third of the maximum
disintegration energy.

Specific power can also be determined empirically based on a total heat, ¥, measurement
in watts of a single isotope, i, of known mass, m, of material in grams by rearrangement
of Equation 1 to

P=" 3)
m

The specific powers of a number of radionuclides are listed in Table 3. The values for the
plutonium and americium isotopes were taken from ANSI N15.22. The uranium specific
powers were calculated using Equation 2. Examination of Equation 3 shows that the
specific power can be determined from direct measurement of an isotopically pure
sample. The specific powers of *°Pu, 2*°Pu, **'Pu, and ***Pu were determined empirically
on nearly pure isotopic samples. The ***Pu and **’Pu values were based on collaborative
experiments [ST78, SE78, GU78, RU84, LU84, BE84, ST84, JA78, ST84A] while **'Pu
and ***Pu specific powers were determined by individual experimenters [MA80, GAS0,
DES1, JO82, OE68, OS7620-25]. Equation 2 was used to calculate the specific power of
23py and **'Am [WA77, ST78, JO82, OE67].

The specific powers listed in Table 3 span a large range of values from a high of over half
a watt per gram of >°*Pu to a low of less than 10 nW per gram of >**U. The specific
powers listed in Table 3 for the uranium isotopes were calculated using Equation 2. The
magnitude of specific power is inversely proportional to the half-life of the radionuclides
regardless of element. Specific power alone can be used to determine total radioactive
material mass for items containing a single isotope. The total alpha activity of transuranic
(TRU) materials can also be determined by using calorimetry independently [RU0O].



Effective Specific Power

Most items other than tritium do not contain a single radioactive isotope but multiple
isotopes and/or multiple radioactive elements. An effective specific power, P, in units
of power per unit mass must be obtained for these items. The most common example of
items containing multiple radioactive elements is an item containing a mixture of
plutonium and **' Am. **' Am is found in nearly all plutonium items due to the decay of
*'py into **'Am.

The effective specific power of the material in the item is calculated by
P,=2R*P, (@)

where:

e R;is the abundance of the i-th radionuclide in the item, typically expressed as a mass
fraction to a total elemental mass,

e jincludes any heat producing radionuclide present, and

e P;is the specific power of the i-th radionuclide in the item in watts/gram.

The heat producing mass of the item is

m=—4" (5)
P,

where W is the total power of the item in watts and P, is the effective specific power.
The specific power of the isotope, P, is equivalent to P,y for items containing a single
radionuclide. For all multi-radionuclide items the effective specific power is not a
constant and needs to be corrected for the decay and growth of the constituent
radionuclides. See reference [RE91A] for details on decay correction of plutonium
bearing items.

Two methods exist for determining effective specific power: a computational method and
an empirical method. The computational method uses Equation 4 for determining
effective specific power and is appropriate when isotopic composition measurements can
be made. The relative abundances of the radionuclides can be determined destructively
using mass spectroscopy [ANN104, ANN572, AS697] or nondestructively using gamma-
ray spectroscopy [RE91B, AS1030]. When measuring items in sealed containers high-
resolution gamma-ray spectroscopy using intrinsic germanium detectors is the only
option for determining effective specific power. The uncertainties on P, using gamma-
ray measurements for plutonium-bearing items are generally less than 0.5%. If mass
spectroscopy is used to determine P,y of plutonium-bearing items, the 23%py contents
should be determined using alpha spectrometry [AS697A] and **' Am contents should be
determined radiochemically. The uncertainty of the results is normally 0.1%, for
isotopically homogeneous items. The computational method using gamma-ray
spectroscopy for isotopic analysis is the dominant technique used in conjunction with
calorimetry.

The empirical method of determining the effective specific power involves a calorimeter
measurement to determine the total power produced by the sample and a chemical



analysis to determine the total amount of nuclear material in the sample. Substituting
these values into Equation 5 P, can be determined. The empirical method is potentially
more accurate and precise than the computational method. The method can only
realistically be implemented cost effectively on discrete batches of process materials or
when it is difficult to determine the relative isotopic abundances of an item or batch of
material. As with using mass spectroscopy in the computational method, the empirical
method is a destructive technique that generates waste and requires long assay times to
complete the analysis. These time and waste issues have increased the exclusive use of
NDA techniques for the quantitative determination of special nuclear material (SNM)
mass.

10



IV. Types of Heat-Flow Calorimeters

All calorimeters have four elements in
common: 1) sample chamber, 2) well
defined thermal resistance, 3)
temperature sensor, and 4)
environment. The interrelationship of
these four components and the
hardware that is used for each
determine the type of calorimeter. A
simple schematic of the components
necessary for heat-flow calorimetry is
shown in Figure 1. Radioactive

Figure 1. Schematic of calorimeter components. material continuously produces heat at
nearly a constant rate. There is some
change due to decay and daughter products, but the time scale for measurable change is
generally days to weeks. Therefore, the most appropriate calorimeter design for
radioactive material is a heat-flow, isothermally jacketed, calorimeter. The design of the
calorimeter is determined by the size and heat output of the items to be measured and the
required accuracy in the heat measurement. Several basic heat-flow calorimeter designs
and modes of operation are possible, such as gradient-bridge, twin-bridge, isothermal
“Air Bath,” and rod calorimeters operated in either servo or passive mode.

A heat-flow calorimeter is constructed so the heat generated in the calorimeter flows past
a temperature-sensing element, through a well defined constant thermal resistance, to a
constant-temperature heatsink. When an item is placed in the calorimeter the temperature
gradient across the thermal resistance is disturbed and the gradient changes with time
until it converges to a constant value and equilibrium is achieved. The heat produced in
the sample chamber raises its temperature and causes heat to flow across the thermal
resistance into the environment according to

dQ _ (Tcal_Tenv): AT (6)
dt R Ry
where Q is the heat energy, Ry is the thermal resistance, 7., is the internal calorimeter
temperature, and 7, is the external environment temperature. At equilibrium dQ/dt is
constant and A7, usually measured in volts, is proportional to the power of the item. The
magnitude of the shift in the measured voltage (passive mode) or supplied power (servo
mode) is used to determine the thermal power of the item in the calorimeter.

The curve describing the approach of the temperature difference to equilibrium is a
function of several exponentials with different time constants. The time constants are
related to the specific heats and thermal conductivities of the item matrix material,
packaging, and, in some instances, the calorimeter. An example of a typical calorimeter
approach to equilibrium is presented in Figure 2. Equilibrium may be detected by visual
inspection of the measurement data vs. time or through statistical tests performed on a set
of the latest data points in the time series. Statistical prediction algorithms may be used
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earlier during transient
, , , temperature conditions to

Final equilibrated value predict equilibrium and reduce
measurement time. These
typically consist of exponential

measurement data. The fitted
parameters are then used to
predict the final equilibrium
s Baseline - power. The temperature of the
item to be measured may be
adjusted using preconditioning
e 10 5 w | baths to shorten the time
Time required to reach equilibrium.

Calorimeter Sensor Output

Figure 2. Typical calorimeter sensor output after item

insertion. The type and placement of the

temperature sensors, the heat-
flow path, and the type of heatsink are what differentiates between types of heat-flow
calorimeters used for measuring radionuclides. The heat flow is directed to areas where
the sensors are located by the use of conductive and insulating material or controlling
temperatures.

Different types of heat-flow calorimeter systems used for measuring SNM share many

common attributes:

a) Measurement Chamber. Heat-flow calorimeters have a cylindrical measurement
chamber from which all of the heat flow generated by radioactive decay is directed
through temperature sensors.

b) Internal Heater. An electrical heater may be built into the walls or the base of the
chamber to provide measured amounts of thermal power in the measurement
chamber. In the case of servo-controlled calorimeters, the measurement chamber is
maintained at a constant power level by use of the internal heaters. Internal heaters
are used to simulate heat-producing radionuclides in passive-mode calorimeters.

c) Temperature Fluctuation Shielding. Insulation or servo-controlled heaters and/or
coolers are used to shield the chamber from outside temperature variations that would
influence the thermal power measurement. Typically, an insulated plug is inserted
above the item container inside the calorimeter. For some calorimeter types, an
insulating plug is permanently installed below the measurement chamber.

d) Calorimeter Can. The item to be measured is usually placed in a special can that is
designed to be inserted and removed easily from the calorimeter. It has a minimal air
gap to provide good thermal conductivity between the outer surface of the can and the
inner surface of the measurement chamber. The can is also intended to prevent
radioactive contamination of the inside of the calorimeter.

e) Temperature Sensors. Currently, the temperature sensors most commonly used are
high-purity nickel wires in a Wheatstone bridge configuration. Other sensor types
used are thermocouples, thermopiles, or, less commonly, thermistor chains. Each of
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these sensors, when configured properly, is used to measure a temperature difference
across a constant thermal resistance.

Heatsink. The temperature increases due to heat flows generated by items are
measured against a reference temperature of a heatsink. Most calorimeters use a water
bath as the infinite heatsink, but air or conductive material maintained at a constant
temperature by a thermoelectric cooler/heater or resistance heater is also used in some
designs.

Electrical Components. Sensitive, stable electronic components are required for
accurate calorimeter measurements, including 1) high-precision voltmeters to
measure the voltage changes generated by the temperature sensors; 2) stable power
supplies to provide constant current to resistance sensors and calorimeter heaters.

The resolution of the voltmeters should be better than 1 part per million of the voltage
range.

Heat Standards. Precision resistors with certified resistances traceable to a national
measurement system may be used with calibrated voltmeters to accurately determine
electrical power delivered to heaters in the calorimeter chamber. If radioactive heat
standards are used as part of the measurement control program, the calorimeter
voltmeters need not be calibrated, nor are precision resistors required.

Servo Power Delivery. For a calorimeter operated in the servo mode, digital-to-
analog controller units are used to supply power to an internal resistance heater to
maintain constant temperature differentials across thermal resistances.

Data Acquisition System. Calorimeter data collection is performed using computer-
based data acquisition systems. The system should be able to read signal voltages or
resistances at a fixed time frequency and be able to calculate and report a power value
from the item using software that detects equilibrium. Graphics and numerical data
indicating system power and temperatures may be displayed to aid the operator.
Adapters. Cylindrical metal adapters may be fabricated to accept smaller calorimeter
containers in the calorimeter well and thus provide good thermal contact between the
outer container surface and calorimeter inner wall. Heat-conducting metal foil, gauze,
or shot, typically Al or Cu, can be used in place of machined metal adapters. When
these materials are used to fill the void space, smaller items may be placed in the
calorimeter container and still maintain good thermal contact. Under the same
measurement conditions fill materials with less thermal mass will result in shorter
measurement times than materials with larger thermal mass.

A variety of heat-flow calorimeter designs has been used to measure nuclear material.
Four major types of designs that have been used for accountability measurements are 1)
water-bath calorimeters, 2) solid-state calorimeters, 3) isothermal “air bath” calorimeters,
and 4) rod calorimeters. The air-bath and rod calorimeters described below have been
operated exclusively in the servo mode, and the water-bath calorimeters have been
operated in the passive or servo mode. Solid-state calorimeters can be operated in passive
or servo mode if internal heaters are built into the design.
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Water-Bath Calorimeter

The elements common to all current water-bath calorimeters are labeled in Fig. 3, using a
cutaway drawing of a twin-bridge, water-bath calorimeter. The components are described
starting from the innermost elements in Fig. 3. The measurement chamber (sample and
reference) is occupied by a removable calorimeter can that holds the item being assayed
and provides good thermal contact with the chamber wall while preventing any potential
contamination of the inside of the calorimeter. If an internal heater is specified in the
calorimeter design, the circumferences of both measurement chambers are wound with
manganin wire, which is used as the internal calorimeter heater. Two lengths of nickel
wire are wound concentrically about the internal heater windings and serve as two sensor
arms of the Wheatstone bridge. The thermal resistance between the sample sensor
windings and the water bath are identical to the thermal resistance between the reference
sensor windings and the water bath. This thermal resistance matching is done to
maximize cancellation of water-bath temperature fluctuations in the Wheatstone bridge.
The sensitivity of the calorimeter is directly proportional to the thermal resistance of the
thermal gap. The thermal gap material usually consists of up to 0.3 cm of air or up to 1.0
cm of epoxy, for either type of calorimeter. The wider the thermal gap, the larger the
internal temperature rise of the sample chamber for a given thermal power. The insulating
material at the top and bottom of the measurement cells is used to force all of the heat
radially through the sensing element.
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Figure 3. Schematic of a twin-bridge heat-flow calorimeter with basic components labeled.

The outermost surface of the calorimeter is a stainless steel jacket. The stainless steel
jacket is used to keep the inside of the calorimeter dry when submerged in the water bath.
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A water bath with stirrer or circulating pump is used to maintain a constant reference
temperature and serves as a heatsink. The water-bath reference temperature is maintained
using feedback servo control. These units may use refrigeration compressors, resistance
heaters, thermoelectric cooling units, evaporative cooling, or any combination of the
above-listed for temperature control. The thermally stable reference bath is controlled to
better than £0.001°C, which is critical to high-precision, low-power measurements.

Twin- and gradient-bridge are the two broad
classes of water-bath calorimeters
commonly used in United States DOE
laboratories and facilities. For both types of
calorimeters, the Wheatstone bridge circuit
shown in Figure 4 is used to measure heat
flow. The reference and sample arms of the
bridge are wound with high-purity nickel
wire. The change in resistance with
temperature is linear with a sensitivity of
about +0.6% per °C. The temperature rise in
the sample side due to the presence of

.010 Amp

f,

Rs=Resistance of sample arm radioactive material causes the resistance of

Re=Resiatance of reforance anm the sample arms of the Wheatstone bridge
Figure 4. Balanced Wheatstone bridge . P . . a8
circuit. to increase while the resistances of the

reference arms remain constant. This
resistance change causes an imbalance in
the bridge and the voltage across the bridge (the bridge potential) changes in proportion
to the size of the temperature change. The reference sensor wire arms and sample sensor
wire arms of the Wheatstone Bridge are each helically wound interleaved (bifilar
winding) and concentrically around a cylindrical chamber. The differentiation between
twin- and gradient-bridge is made based on where the arms of the Wheatstone bridge are
placed relative to each other. In the twin-bridge configuration, two windings are on one
measurement chamber and two windings are on an identical measurement chamber as in
Figure 3. A schematic of a gradient-bridge calorimeter is presented in Figure 5. In this
case the two windings are wound concentrically about the inner pair of windings with a
thermal gap between the two pairs. Twin-bridge calorimeters have also been built with
the reference thermel located under and coaxial to the sample thermel (“over-under”
design) to save space. This configuration is also presented in Figure 5.

Twin-bridge calorimeters are usually placed in a large (550—1000 liters) water bath to
provide a stable reference temperature. These water baths are mixed using a propeller on
a shaft rotated by a motor. Multiple calorimeters have been fitted into one water bath. For
heat-flow calorimeters using a water-bath reference temperature, the identical windings
on the reference chamber are used as a fixed reference resistance for two arms of a
Wheatstone bridge while the sample sensor windings around the sample chamber change
resistance due to heat flow from the sample. Small reference-bath temperature
fluctuations are further corrected for by the twin-bridge design. Because both the
reference and sample windings have identical thermal heat paths to the reference bath,

15



any resistance changes in the windings due to temperature fluctuations are canceled in the
twin-bridge configuration.
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Figure 5. Schematic diagram of gradient and over-under Wheatstone bridge calorimeter.

Gradient-bridge calorimeters usually have circulating water through an outer jacket of the
calorimeter connected to a separate temperature conditioning system via connecting
hoses. Smaller volumes of water, less than 76 liters, are required for this type of